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ABSTRACT 
The development of using standard compact disc (CD) mass production process to 
create micro / nano fluidic devices is presented in this thesis. The ultimate goal of this 
research is to create ultra-low cost and highly complex micro / nano fluidic devices for 
applications in chemical and biological analyses. 
The conventional fabrication technologies used in making micro / nano cavities are 
Surface MEMS, Bulk and Laser micro machining. These processes of manufacturing 
require very precise control, and the fabricated parts are extremely fragile and 
delicate. It is also a basic requisite that experience manpower be used to monitor and 
supervise the entire production run. As a result，the production is very costly. 
Experiments were conducted in a production line environment for standard CDs, with 
only slight modification of the production process. This means that continuous micro 
features instead of the pits and lands for discontinuous audio / visual information can 
be created by adapting to three different approaches, namely CNC Machining 
Approach, Laser Machining Approach and Photolithography Approach. The CD 
stampers produced by any of these approaches can be used to press micro and nano 
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channels on PMMA surface by using Hot Embossing or Injection Molding techniques. 
An interface software AutoGEN was developed by converting the output of MEMS 
CAD tools such as LEdit to AutoCAD readable files, to potentially interface with the 
CNC Machining using CAD/CAM. The interface software was written in AutoLISP, 
using AutoCAD environment. 
Photolithography Approach was selected for further study in the enhancement of 
channel edges due to the flexibility of defining geometry. CNC Machining Approach 
was not suitable in this instance due to the jagged edges of the channels and Laser 
Machining Approach could not cater to user defined geometry as it was only able to 
perform forward and backward movements in producing straight line channels. 
An enhancement that used SU-8 Photoresist to achieve high-aspect-ratio channels of 
70um depth as compared to standard stamper thickness of 143nm was also developed. 
This enhanced process was proved to be a general process to create general 
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1.1 CD Manufacturing Technology 
Since its release in 1982, compact disc technology has taken the world by storm. The 
compact disc industry is one of the fastest growing industries of all time. There are 
several main considerations when considering compact disc manufacturing. 
First is accuracy. The compact disc industry offers a marked increase in audio 
performance over traditional magnetic recording media. In the case of the discs，this 
requires precise construction of disc structures as small as 0.5um and 'in-between' 
track distance (track pitch) of 1.6um. 
Second is speed. Modem manufacturing facilities must produce CD discs at 
phenomenal rates, generally thousands per day. This requires a high-speed 
assembly-line type process. In addition, the system must be able to shift rapidly from 
the production of one disc to the production of another. This means that most of the 
equipments for the manufacturing process must be common to every conceivable 
compact disc produced. 
The final and over-riding is cost. Since compact disc is a consumer product, price 
must be kept low to stimulate demand. This rule out expensive, inefficient，and 
extremely exotic manufacturing processes. It also adds an additional incentive to use 




Electroforming is the process of producing a metal part (nickel in this case) by 
applying a voltage potential across the anode and cathode of a plating cell. The 
cathode is the master part which is at a negative potential, and the anode the raw 
nickel material, is the positive potential. The plating solution, which flows between 
the cathode and anode, provides the transport medium for the nickel ions to be 
deposited on the cathode master. On completion of the process, a new part is formed 
on the master. The surface of the new part is an inverted mirror image of the master, 
replicating to a high degree of precision the surface features of that master [15]. 
1.1.2 Computer Numerical Control (CNC) 
Historically, machine tools were controlled with handles, or levers, by an individual. 
An electric motor supplied the power to move a workpiece either linearly or in rotary 
fashion. The power was also directed to a mechanism that rotated and / or moved the 
workpiece. Thus, on the lathe, workpiece is rotated as the cutting tool is caused to 
move linearly into the work. The milling machine has the work mounted on the table. 
As the table moves linearly toward the cutter, upon contact with the work, the work 
is machined. Dimensions such as length, width, and depth are controlled by the 
operator. 
In the late nineteenth century and the early twentieth century, automation was in the 
form of production milling machines that used cams and preset stops to control the 
motion of the table. Production lathes were characterized by capstans. Other forms of 
production machines were turret lathes, copy machines, tracers, and so on. The 
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controls were mechanical, electrical, hydraulic, or a combination of these. They 
provided the basis for mass production，interchangeability, repeated dimensional 
accuracy, higher production rates, reduced labor and labour costs, and so on. 
Today，Computer Numerical Control (CNC) machines are found almost everywhere. 
CNC machining is a method of automatically operating a machine. It has been used 
in industry for over 40 years. CNC machining features an added onboard computer, 
which enables programmed control for the machine. CNC is applied to a wide range 
of commercial applications in the manufacturing processes of metal cutting, 
woodworking, welding, flame cutting, sheet metal formatting and has been 
particularly successful in turning, milling and drilling [17]. 
The first benefit is improved automation, meaning that operator intervention can be 
reduced or eliminated. CNC machines can run unattended during their entire 
machining cycle. Since the machine will be running under program control, the skill 
level required of the CNC operator is also reduced. 
The second major benefit is consistency and accuracy. This means that once a 
program is verified, two, ten, or thousands of identical workpieces can be easily 
produced with precision and consistency. 
A third benefit is flexibility. Once a program has been verified and executed for one 
production run, it can be easily recalled the next time the workpiece is to be run. This 
leads to yet another benefit, fast change-overs [2]. 
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1.1.3 Photolithography 
Photolithography is the transfer of a pattern from the photo mask onto a substrate. 
The photolithography process begins when the substrate is coated with an extremely 
thin liquid film of photosensitive material，called photoresist. UV light then exposes 
the photoresist, some of which are hardened when exposed to the UV light. The 
unexposed portion of the material is then cleaned from the surface through 
development process，leaving an extremely fine pattern imaged onto the surface of 
the substrate [30]. 
Photolithography has a wide range of applications in other industries, such as micro 
contact printing and stamping. For this procedure, a polymer master mold is made so 
the printing pattern can be transferred chemically to the metal printing plate. Micro 
printing can be used to manufacture newspapers and other high quantity printing 
processes. This process is being enhanced so that crisper images can be made using 
less quantities of ink. 
Biologists use photolithography to prototype amino-acid chains and DNA sequences, 
since photolithography can create small depressions. Photolithography is used to 
create a network of channels to filter down protein chains into proteins. The channels 
are coated with buffers to attract proteins chemically. Proteins and DNA as well as 
amino acids can be separated for analysis. The process of photolithography produce 
structure that are low-cost and abundant [5], 
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1.1.4 Laser 
The advent of lasers and in particular low cost laser emitting diodes has allowed the 
compact disc technology to become one of the most successful consumer electronic 
technologies of all time. Since the discovery of lasers in the late 1950s, there has 
been an exponential growth of laser and laser-related technology. 
Lasers have become a key part of everyday life - they are found in CD players. New 
and advanced technologies are anticipated to make significant improvements in the 
future [3], Among the many interesting properties of light, is the fact that shorter 
wavelengths can be focused to smaller spots than longer wavelengths, so a blue laser 
beam can form a smaller spot than a red laser beam. The smaller the spot size, the 
more pits can be stored and read from a CD or DVD. Using blue lasers, the later 
generation CDs and DVDs will offer greatly increased storage capacities. 
One of the properties of lasers is their brightness or intensity levels. Laser beams 
carry all of the high-speed communications traffic on long-haul fiber optic networks. 
Lasers are used because their high intensity beams can travel for hundreds of 
kilometers along an optical fiber without the need for amplification. 
Laser beams can be extremely powerful, in some cases, able to cut and weld metals. 
In cutting and welding applications, lasers can provide some distinct advantages over 
other methods. Lasers produce smooth, clean cuts, unlike cutting torches. 
Other properties of lasers are coherence and purity, which allows laser beams to be 
focused to extremely small spots. This is essential for precision medical, scientific 
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and industrial applications. Many of the newest and most interesting applications of 
lasers depend on its coherence. One such application is laser strain measurement. 
Laser beams are also high directional so they spread out very little when they are 
traveling. Lasers have been used for years in surveying, mining and tunneling 
applications. Because lasers generate beams that are perfectly straight, they can 
ensure a tunnel or mine shaft remains straight during boring [4]. 
1.2 Research Objective 
The objective of this thesis is to design a precise and continuous micro channel 
molding that can be mass produced at bw-cost. In order to achieve this objective, an 
attempt was made to study the preciseness of channel width and groove created with 
three different approaches - CNC, Photolithography and Laser using CD Stamper 
Manufacturing process with suitable modifications made to the procedure. 
A custom-made software was developed to interface with the CNC machining, 
allowing specifications of desired geometry. Based on discussions of the advantages 
and limitations of the experiment results, the most optimal approach is selected. 
1.3 Thesis Outline 
Chapter 1: An introduction of CD Manufacturing Technology, CNC, 
Photolithography and Laser is presetited. Concepts and applications, including 
benefits and limitations are also briefly highlighted. The objective of this thesis is 
also presented. 
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Chapter 2: The development of a CAD conversion software to be used in the 
Computer Numerical Control (CNC) Approach is discussed. An introduction of CAD 
software and three programming languages is briefly highlighted. The advantages 
and disadvantages are discussed before a selection is made on AutoLISP. The 
software developed is named AutoGEN and the architecture of AutoGEN is 
presented. 
Chapter 3: A brief explanation on the creation of stamper using three different 
approaches - CNC，Laser and Photolithograph and a detail discussion on the 
industrial manufacturing process of CD and stamper is conducted. Lastly, a review of 
the electroforming and internal stress is also done and presented. 
Chapter 4: The introduction of G-code in AutoCAD to control CNC Machining is 
discussed. Experiments to study the channel characteristics are conducted and results 
analysed and presented. The advantages and limitations of CNC approach is also 
presented. 
Chapters： The procedure of Photolithography Approach in the production of 
stamper is listed. Experiments are conducted to test the consistency of channel width 
and the findings are reported. The use of WYKO interferometer for analysis of 
channel structures is discussed and presented. 
Chapter 6: The procedure of Laser Approach in the production of stamper is 
listed. Experiments are carried out to investigate the relationship between Laser 
On-Stone Power and Numerical Aperture in the study of channel width along given 
channels. The results are analysed and presented. 
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Chapter 7: The procedure on Photolithography Approach in the production of 
stamper with enhancement of channel edge is listed. Experiments are conducted to 
test the feasibility of high profile stamper and its application. The results are 
discussed and presented. 
Chapter 8: A conclusion on the advantages and limitations of CNC， 
Photolithography and Laser approaches is discussed and explanation on why 
photolithography is selected. A proposal on Future Work is briefly mentioned to 




Conversion Software (AutoGEN) 
The aim of developing a conversion software is that existing MEMS CAD software 
available in the market does not cater for export feature to interface with CNC 
machining. 
Thus, a tailor-made program is developed, allowing users to design micro and nano 
channels on their MEMS CAD software and interface with a CNC machine to create 
micro features on a mold (stamper) for fabricating channels on compact disc surfaces. 
The software will be named AutoGEN. 
2.1 Computer-Aided Design 
The breakthrough of Computer-Aided Design (CAD) coupled with development in 
graphics techniques and associated hardware allow engineers to deal with 
engineering problems using familiar format of engineering drawings and processing 
power of computers. Although computers work best with numerical data, graphics 
are undoubtedly the best man-machine interfaces available for current computer 
technology. This pictorial method of conveying concise engineering information to 
the human engineers will prevail. 
An old saying 'A picture is worth a thousand words' still truth that human eye can 
easily feed pictorial information than other form of language means. 
CAD makes use of the computer as a tool to produce scale layout drawings imaged 
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on a screen. A scale mode, three-dimensional, if desired, permits the operator to 
extract subassemblies or piece part details from the scale model. The part details are 
used to select tools, design fixtures, indicate clamping positions, locate blocks, and 
even generate bills of materials. It is also possible to use programs that will input 
customer requirements and to monitor design analyses such as material strength and 
assembly tolerances and allowances. The evaluation of tolerances and allowances 
before manufacturing takes place is very important to successful computer-integrated 
manufacturing systems. 
Once the CAD cycle is completed, the geometric model is sent to the numerical 
control department, where the machining operations and sequences are established. 
The surfaces to be machined are determined and digitized to establish the paths the 
cutter are to take，and the tools and fixtures are determined. 
Having put all the foregoing information into the computer, it produces the program 
to be used. This program is "dry run" to determine errors, after which it is released 
for production to CAM [17]. 
2.2 AutoCAD Programming 
AutoCAD is a powerful, fixable and easy-to-use computer aided design and drafting 
programming package. It acts as an analogous to a word processing program, except 
that in this case the thing being processed is a drawing. AutoCAD has been widely 
used for developing two dimensional and drafting capabilities. It also has three 
dimensional graphics and modeling capabilities. With an elementary understanding, 
users can create drawings much faster with AutoCAD. 
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One of the most powerful features of AutoCAD is its programming interface, with 
support for AutoLISP, ADS, ARX and script programming. AutoCAD provide 
command-scripting capabilities and user-definable programming interfaces that user 
can manipulate for drawings and databases. Thus，AutoCAD provides customize 
platform to allow user a wide range of modification. 
AutoCAD also provides the export function for STereo Lithography (STL) format or 
Drawing eXchange Format (DXF), which generates numerical data from a geometry 
file for CNC machine. 
Three commonly used programming languages namely AutoCAD Development 
System (ADS), AutoCAD Runtime Extension (ARX) and AutoLISP programming 
were initially proposed for use in this research as they make use of AutoCAD 
environment. A study on the feasibility of each software is shown in the next section 
before a decision is made to select the most suitable one. 
2.3 AutoCAD Development System (ADS) 
ADS is a C-language programming environment for developing AutoCAD 
applications. Although ADS-based applications are written in C programming, to 
AutoCAD they appear identical to functions written in AutoLISP. An ADS 
application is not written as a stand-alone program but a set of external functions 
loaded by and called from the AutoLISP interpreter. 
Because an ADS application is functionally equivalent to an AutoLISP application, 
the choice between AutoLISP and ADS is up to the developer. ADS applications are 
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usually more efficient in terms of speed and memory usage. They can also directly 
access some facilities that AutoLISP cannot, such as the host operating system and 
hardware. This makes them well suited for applications requiring considerable 
computation or interaction with the host environment. However, they can be more 
time-consuming and expensive to develop and maintain. Like AutoCAD, they 
require a different executable version for each supported platform, and development 
tools must be purchased separately for each platform [6]. 
2.4 AutoCAD Runtime Extension (ARX) 
ARX is a new compiled-language program environment for developing AutoCAD 
applications. The ARX environment currently supports the ADS library and, in the 
future, will support many other libraries. 
The ARX environment communicates directly with AutoCAD while ADS 
communicates with AutoCAD through the AutoLISP interpreter. ARX applications 
operate in the same process and memory space as AutoCAD for improved 
performance. 
However, ARX application shares the same address space with AutoCAD, the 
possibility of crashing AutoCAD is higher if the ARX application does not handle 
exceptions properly. 
2.5 AutoLISP Programming 
AutoLISP is based on the LISP (LISt Processing) programming language, which is 
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simple to learn yet very powerful. AutoCAD has a built-in LISP interpreter that allow 
user to enter AutoLISP code at the command line to load AutoLISP code from 
external files. 
AutoLISP applications or routines can interact with AutoCAD in many ways. These 
routines can prompt the user for input, access built-in AutoCAD commands directly, 
and modify or create objects in the drawing database. By creating AutoLISP routines, 
user can add disciple-specific commands to AutoCAD. Many of the standard 
AutoCAD commands are actually AutoLISP applications. 
Because AutoCAD reads AutoLISP code directly, no compiling is required. By 
entering codes at the command line, user can see the results immediately. This is one 
of the main reasons AutoLISP was selected as the programming language in this 
research. Other advantages are listed in the next section. 
2.5.1 Advantages of AutoLISP 
Here are some other features of customization through AutoLISP. 
1. AutoLISP can do advanced calculations. 
2. AutoLISP can interact with the user, pausing to get input. 
3. AutoLISP can create entities in existing drawings, or even make complete 
drawings from scratch. 
4. AutoLISP can interact with the drawing database, both extracting information 
from it and changing information in it. 
5. AutoLISP can create, read, and revise files. 
6. AutoLISP can run other programs outside AutoCAD. 
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7. AutoLISP runs on any platform (hardware and operating system) that runs 
AutoCAD. AutoLISP programs do not need to be compiled separately for 
different platforms. 
8. Also consider the nature of AutoLISP programming. 
9. AutoLISP is one of the easier languages to learn. 
10. AutoLISP programs can be written in your favorite text editor. 
11. AutoLISP functions can be tested right at the Command prompt. 
12. AutoLISP program modules can be written and debugged separately. 
13. AutoLISP includes a practical set of error messages that help you debug your 
programs. 
14. AutoLISP programs (many free) for a wide variety of tasks are available from 
many different sources. 
2.6 Caltech Intermediate Format (CIF) 
Since CIF format can provide a common data structure for the integration of many 
research tools and support most MEMS CAD. Thus, the proposed conversion 
software would make use of CIF as a input file. 
CIF is an ASCII file format for the interchange of mask geometry information among 
IC designers and foundries. CIF is defined in "Introduction to VLSI Systems" by 
Mead and Conway (Addison-Wesley, 1980). It is created by the university 
community, and provided a common database structure for the integration of many 
research tools. It provides a limited set of graphics primitives that are useful for 
describing the two-dimensional shapes on the different layers of a chip. The format 
allows hierarchical description，which makes the representation concise. In addition, 
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it is a terse but human-readable text format. CIF is therefore a concise and powerful 
descriptive form for VLSI geometry [7]. 
2.6.1 Structure of CIF Format 
Each statement in CIF consists of a keyword or letter followed by parameters and 
terminated with a semicolon. Spaces must separate the parameters but there are no 
restrictions on the number of statements per line or of the particular columns of any 
field. Comments can be inserted anywhere by enclosing them in parenthesis. There 
are only a few CIF statements and they fall into one of two categories: geometry or 
control. 
The geometry statements are: LAYER to switch mask layers, BOX to draw a 
rectangle, WIRE to draw a path, ROUNDFLASH to draw a circle, POLYGON to 
draw an arbitrary figure, and CALL to draw a subroutine of other geometry 
statements. 
The control statements are DS to start the definition of a subroutine, DF to finish the 
definition of a subroutine, DD to delete the definition of subroutines, 0 through 9 to 
include additional user-specified information, and END to terminate a CIF file. All 
of these keywords are usually abbreviated to one or two letters that are unique [8]. 
2.7 Architecture of Conversion Software 
The AutoGEN conversion software is written with AutoLISP programming. It 
contains two stages: the "Define Layer Thickness Module" (DLTM) and "Data 
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Conversion and Regeneration Module" (DCRM) (Figure 2.1) [9], To run DLTM and 
DCRM modules, the programs are loaded from the AutoCAD platform. 
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Figure 2.1: Flow Diagram of AutoGEN Program 
2.7.1 Stage 1 -AutoGEN (DLTM) Module 
The main functions are: 
1. to input a CIF file which is exported from the LEdit software. 
2. that user can define the thickness of the color layer derived from the MEMS 
CAD software corresponding to the depth of the geometry [10]. 
3. it allows user to define and store file name, thickness of each layer and finally 
store to a user define database file (Figure 2.2). 
4. that a layer and device thickness file will be generated. This database is used for 
the next stage of data conversion and regeneration process to recall the device 
thickness definition and the path to return the geometry parameter, including 
command. 
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2.7.2 Stage 2-AutoGEN (DCRM) Module 
The main functions are to: 
1. retrieve DLTM database information. Such information is command, numerical 
data files and the thickness of geometry (Figure 2.3). The thickness information 
in the database file can be edited by any non-document editor like notepad, 
writer, etc. 
2. generate Box, Polygon, Wire and Circle according to the command onto 
AutoCAD platform [11]. 
3. form geometry displayable in different views and in Figure 2.4b, a SE isometric 
view is shown. 
2.8 DLTM Input Screen 
AutoGEN allow user to read the CIF file from the MEMS CAD software and saved 
in any user defined file name. A text file is generated to allow user to input different 
thickness of the layer. The value behind the asterisk “*” stands for the thickness of 
the 3D object which is defined by the end user (Figure 2.2). 
Commnd-.dtm 
Database jSfetoke stoied : amlixt 
Fabricate CellNi.C (SB; 
(L-EdilLajerPo]^ *= CIF Layer CPZ); *** IiqpMtldcknesB m micnn of the dbove Ltyer: *** 400 
I ( L - E d ] l L^ erAndttrl - CIF Layer COF); *** Ij^ uttWckiiess k micnn of Ae dbove Layer: *** 350 
(L-Edit Layer Polyl = CIF Layer CPS^  *** Iif*ttliickne« kadcitn of Ae above Layer: 500 
Oi-Edt Lara-Metal ° CIFLayer CCM); *** Ii^ utthidatess u nknn oftke ^ ove Layer: *** 450 
他⑶ n^ lete^  OK! Gewnted fflfe itMC as: aml.fcrt=="===•• 
Figure 2.2: DLTM Module - User Input Screen 
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2.9 DCRM Data Screen 
Figure 2.3 below shows 4 layers - CPZ layer, COF layer, CPS layer and CCM layer 
which are generated by DLTM module. The thickness can be modified in a 
"non-document" mode such as editor, writer, word pad etc. Each layer contains 3 
lines of information: Line 1: the description of the Layer, Line 2: the thickness of the 
Layer in micron. Line 3: the name of the layer. For example, all geometry of PolyO 
layer will become 400um in depth. All Anchor 1 layer will become 350um in depth. 
All Polyl layer will become 500um in depth and all Metal layer will become 450um 
in depth. 
Conunaiid: dcm 
txt thickness file to Input: amLtxt 
I Detected RgeiKiated file name = mar30(*)Jxl 
*** Detected L-E‘h(\feisi«i: 6 JO)*** 
*** Detccied L-Eiit (TECHNOLOGY: MUMPS^-V4JD)*** 
*** Fife cnated on (30 Mar02) *** 
Detected Sbak &ctor = 0JDQ05 ******************** 
L CPZ; 




LajrerThick S^DOL CCM; 
LajerTkkk -450 
Figure 2.3: Data Extraction and Conversion by DCRM Module 
2.10 Conversion from 2D to 3D 
Figure 2.4a shows a number of rectangles with different colour layers drawn by 
using L-Edit software. Through conversion, all layers can be defined in different 
thickness and the two-dimension geometry can be converted to three-dimension as 
shown in Figure 2.4b. 
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Figure 2.4a: A L-Edit Drawing Figure 2.4b: AutoCAD 3D Geometry 
2.11 AutoGEN 一 Geometric Primitive 
AutoGEN provides 4 types of geometric primitive, namely 'BOX', 'POLYGON', 
'CIRCLE' and 'WIRE'. 
The B (box) command defines a rectangular box of fixed width and length. The 
center coordinates locate the box, and a direction vector indicates its orientation. The 
R (round-flash) command defines a circle of fixed diameter and position. The P 
(polygon) command defines a polygon with a certain number of sides and vertices. 
Polygon accepts a path of coordinates and creates the enclosed polygonal region in 
the order in which the vertices are specified. The W (wire) command defines a wire 
with fixed width along a specified path. A wire can be described as a long run of 
uniform width. 
2.12 AutoGEN - Geometric Transformation 
Apart from the fundamental geometry, AutoGEN can provide several types of 
geometry transformations such as mirroring operation (vertical and horizontal flip) 
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and rotational operation. 
Rotation Command 
This command rotates the selected object or set of selected object by 6 about its 
center. 
Formula: 
fi= a cos 6- ^sinO (1) 
v= asinO^ 13 cos 0 (2) 
where, 
6 : rotation angle 
a : x-coordinate of vertex before transformation 
fi : x-coordinate of vertex after transformation 
jS : y-coordinate of vertex before transformation 
V : y-coordinate of vertex after transformation 
therefore, 
for 90 degree rotation, ji =-/3 and v= a 
for 180 degree rotation，fi = - a and i> =-曰 
for 270 degree rotation, 11 = 13 and v = -a 
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Original Polygon 90 Degree Rotation 180 Degree Rotation 270 Degree Rotation 
Figure 2.5; Rotational Operation 
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Horizontal Mirroring 
This MX (horizontal mirroring) command flips the selected object or set of selected 
object about the vertical axis through its center. 
Formula: 
X n - （ （ X j n a x “ X m i n ) + 2 X m i n ) ~ ^ n ( 3 ) 
Y ' n = Y n ( 4 ) 
where 
Xmin minimum x-coordinate of polygon 
Xmax maximum x-coordinate of polygon 
Xn x-coordinate before horizontal mirroring 
x'n x-coordinate after horizontal mirroring 
Yn y-coordinate before horizontal mirroring 
Y'n y-coordinate after horizontal mirroring 
• 
Ld 
Original Polygon Horizontal Flip 
Figure 2.6: Mirroring Operation - Horizontal Flip 
Vertical Mirroring 
This MY (vertical mirroring) command flips the selected object or set of selected 
object about the horizontal axis through its center. 
21 
This can be done by rotating the polygon 180 degree (Figure 2.5), then performing a 
horizontal flip (Figure 2.6) to arrive at the vertical mirroring (Figure 2.7). 
/ • p p n _ _ 
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Original Polygon 180 Degree Rotation Horizontal Flip 
Figure 2.7: Mirroring Operation - Vertical Flip 
2.13 Conversion of Simplified and Complex Drawings 
L-Edit is part of a complete integrated circuit design tool suite offered by Tanner 
Research. By using AutoGEN software, the L-Edit design can be easily converted to 
a 3 dimensional structure. Also, with the AutoCAD export function, the 3D structure 
can be exported to Stereo Lithography (STL) format and numerical data from 
geometry file generated for CNC machine to design stamper for further micro 
channel analysis (Figure 2.8a and Figure 2.8b). 
妨 I I 0 au}.4Li»I * %'•" "I%,-ia>Ml iBggi^ c^  gat-aF u i T 卜 
p i I I f 一“^  
I • y j ^ ^ \ 
Figure 2.8a: A Simplified Design Figure 2.8b: Converted to AutoCAD Format 
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A complex design of LEdit software can also be easily converted by AutoGEN to 
AutoCAD format (Figure 2.9a and Figure 2.9b). 
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In this section, an attempt is made to explain the fabrication concepts of Compact 
Disc production technology to create micro features on CD stamper. During the 
process, an extremely clean environment is required to avoid contamination of the 
photoresist. The entire mastering process is carried out in a class 100 clean room 
(fewer than 100 particles per cubic foot of air). For comparison, a "dirt density" of 
100,000 is common for homes and offices. The details of industrial formation of 
stamper are discussed in the following section [14]. 
Experiments are performed in a production line environment for standard Compact 
Disc, with only slight alteration to the production process. 3 different approaches (i.e., 
CNC, Photolithography and Laser) are used in subsequent experiments to produce 
micro channels on CD stampers for injection molding and hot embossing processes 
(Figure 3.1). 
： Approach 1 - CNC ： 
• AutoGEN CNC engraves : Injection 
: Conversion channels on : Molding 
: ^ Software ~ • stamper surface ；  
• Approach 2 - Laser  
Design J Enhancement "j Laser writer Developing Nickel ^ 
mask by —' of creates channels ~ • and • Electro-
MEMS •"•J Photo- ^ • on glass master Sputtering forming • 
CAD - 1 ‘ lithography ‘ surface r > 
•^•••••••••••••J t — •一 — — J •^•••••••••••••••••J UaiBIIIIMaaKMailJI LlUlMilWBBBIBj 
等 Not perfored in this work) : 
； Patterned Photolithography • Hot 
: • Film ~ • � ： Embossing 
Approach 3 - Photolithography 
Figure 3.1: Three Approaches to Create Micro Channels 
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3.1 Stamper Manufacturing 
The standard CD stamper manufacturing process is illustrated in the block diagram 
as shown below: 
(Step 1) ^ (Step 3) (Step4) (Step 5) (Step 6) 
Input Media 
Laser Beam Developing Nickel Polishing 
Recorder • and • Electro- • and 
(Step 2) (LBR) Sputtering forming Punching 
Substrate ^ 
l^paration 
Figure 3.2: Block Diagram on the Manufacturing of CD Stamper 
Step 1: Input Media 
The source information recorded to compact disc must be processed. Because the 
information to be transferred to compact disc may come in various recording formats 
like non-image mediums such as video and audio tapes, flat arts, pictures, text files 
or written materials, there is a need to transfer it to one format for subsequent use. 
Step 2: Substrate Preparation 
A glass substrate is a round disc with diameter of 160mm and thickness of 1.6mm 
polished for optimum smoothness (Figure 3.3a). A layer of photoresist which is a 
polymer mixed with some kind of light sensitizing compound (default thickness 
specification of CD stamper is 143nm) is then spin coated on the glass surface at 500 
RPM for 120 seconds. 
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A thin layer of Silane is then spun (at 20 RPM) on the glass substrate to increase the 
viscosity between the photoresist and glass substrate. 
The rapid spinning of several hundred RPM in a small fraction of a second produces 
centrifugal force which causes the resist to spread out uniformly across the glass 
surface. The solvent for the photoresist is quite volatile and so the layer of 
photoresist dries while the substrate is still spinning, resulting in a thin, uniform 
coating across the substrate. 
Figure 3.3b shows the thickness distribution of the photoresist on the glass substrate, 
where maximum thickness is 145.09nm, minimum thickness is 141.75nm, average 
maximum thickness is 144.67nm, average minimum thickness is 142.15nm, average 
thickness is 143.15. The difference between the maximum and minimum thickness is 
about 3nm. It shows that the photoresist is not absolutely even on the surface of the 
glass substrate. However, the range is acceptable within the manufacturing 
requirement. 
The roughness of the glass surface and the thickness of the coating determine the 
depth of pits on the compact disc. The glass substrate with photoresist is then 
pre-baked at 40 degree for 55 second to harden the photoresist. The glass substrate 
with dried photoresist is called the glass master. 
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Figure 3.3a: Glass Master Figure 3.3b: Depth Distribution of Photoresist on Glass Master 
Step 3: Laser Beam Recording (LBR) 
The glass master is then placed below the sledge of the Dual Beam Laser Machine. 
Through the Laser Beam Recording (LBR) process, the photoresist is then exposed 
to a laser beam, the intensity of which is modulated with digitized audio information. 
Then the data image is read from the computer and recorded in the format of pits and 
lands data from the center of the glass master in a spiral track that goes towards the 
outside of the glass master Figure 3.4a and Figure 3.4b shows the pits and lands 
track observed with AFM. 
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Figure 3.4a: Top View of Pits and Lands Track Figure 3.4b: 3D View of Pits and Lands Track 
Step 4: Developing and Sputtering 
The photoresist is developed by spinning Sodium Hydroxide solution over the glass 
master and the pits of information are revealed. Sodium Hydroxide is used as it could 
lift the photoresist from the glass. For this reason Silane is used as a coupling agent 
to prevent detachment between the photoresist and the glass substrate. 
Then the developed glass master is then placed into a vacuum chamber for a small 
amount of nickel to be deposited onto the surface of the photoresist. This takes 55 
seconds. The developed glass master coated with nickel is called metalized glass 
master. 
Step 5: Nickel Electroforming 
An anode and a cathode are immersed into a tank of Nickel Sulfamate solution 
(Figure 3.5a). The metalized glass master is then placed into the solution for 
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electrolysis by attaching to the cathode. The corrosion of the nickel pellet from the 
anode is deposited onto the cathode (metalized glass master) (Figure 3.5b). Nickel 
anode becomes energized and forms Nickel ions when current is delivered by the 
rectifier. Nickel ions through Nickel Sulfamate solution are deposited onto the 
cathode. The process takes about 60 minutes at DC voltage of 18 �2 0 volt DC, 
current at 53 A ~ 55 A to grow a layer of Nickel about 300um thick on the surface of 
metalized glass master. This layer of nickel is removed from the glass substrate and 
is called the stamper (Figure 3.5c). 
m ^ B J B B B W i M I 
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Figure 3.5a： Nickel Sulphamate Figure 3.5b: Nickel Pellet Figure 3.5c; Stamper 
Step 6: Polishing and Punching 
The stamper is a metal component that contains all of the information that is required 
on the compact disc. This information is maintained on the stamper in the form of 
pits and lands. Pits and lands need to be very precise, and stamper surface very flat. 
Therefore, the stamper must be finished by polishing its backside (Figure 3.6a) and 
punching out the center hole and outer edge (Figure 3.6b). The stamper (Figure 3.6c) 
is then loaded into an injection molding machine to produce plastic disc that is 
discussed in the next section [12]. 
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Figure 3.6a: Polishing Figure 3.6b; Punching Figure 3.6c: Stamper 
3.2 CD Manufacturing 
The compact disc technology was first launched in October 1982 and to date has 
been very successful in providing a compact and reliable distribution format not just 
for audio and visual but also for data storage purposes. 
The CD disc is composed of a plastic base polycarbonate into which the information 
present in digital form has been pressed in the form of pits. Next, a reflective layer is 
placed over the pits and a transparent protective coating is added over the reflective 
layer which is read out by means of an optical system. 
The following steps are representative of the process currently used for mass 
production of compact discs. 
Step 1: Injection Molding 
The stamper is placed into an injection molding machine which is connected to a 
continuous supply of Polycarbonate. The Polycarbonate is heated to a molten state 
and shot into a mold and under high pressure contains the stamper. In this process， 
plastic pellets are fed into an injection molding machine, heated, and then hit by the 
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stamper which "presses" the pits in the CD. 
B H ^ H ^ S ^ ^ ^ ^ a CDOOCDCDCDOCDPolycarbonate 
Figure 3.7: Injection Molding Machine 
Step 2: Formation of Compact Disc 
The plastic is compressed against the mold under several tons of pressure. The 
plastic is then cooled rapidly using chilled water and the clear disc with the 
information stamped into it is removed. The whole process to stamp a disc takes 
about 5 to 10 seconds, depending on the speed of the molding machine. 
^ ^ H mmm 
Replica 
9 B H 
Figure 3.8: Replica Produced by Injection Molding Machine 
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Transparent Compact Disc 
Polycarbonate is used for compact disks because of its low optical distortion, good 
mechanical strength, high heat and moisture resistance, and great dimensional 
accuracy. The material must be exceptionally pure and surface contamination from 
the molding process must be minimized to ensure product accuracy. 
H H H H S I I F I R H H 
Compact • 
Figure 3.9: Compact Disc (Polycarbonate) 
Step 3: Metalization 
After being stamped, a thin layer of aluminum is sputtered onto the side of the disc 
that contains the pits or information. This thin layer of aluminum (typically 0.10 to 
0.15 micron) is the reflective surface that the playback laser reflects off to read the 
information. 
H B H I H M M I H 
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Compact Disc 
Figure 3.10: Sputtering of Aluminum Layer 
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Step 4: Protection of Surface 
After metalization, a thin protective layer of sealant or lacquer is spin coated onto the 
aluminum. This sealant is dried or cured using ultraviolet light. The disc is now 
sealed and ready to be printed. 
Lacquer 
^^^^B^^Bm 11 • • i B mnp^  
B k Compact Disc 
Figure 3.11; Protection Layer 
Step 6: Screen Printing 
Finally, a label is screen printed onto the lacquered surface. Most CDs are screen 
printed with anywhere from 1 to 5 different colors. Each separate color requires its 
own film and screen and is printed one at a time. The screen allows ink to pass 
through in the shape of the desired image. Ink is pressed through the screen and put 
onto the protective layer of the disc. The ink is dried or cured using ultraviolet light. 
This process is repeated until all the colors have been printed and a compact disc is 
formed [13]. 
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Figure 3.12: Screen Printing 
3.3 Internal Stress of Deposit in Electroforming 
Electroforming is the production or reproduction of an article through 
electro-deposition of metal ions over a mold. Electroforming employs direct current 
to transfer metal ions from an anode to a cathode via an aqueous medium containing 
electrolytes. 
Internal stress of deposit is a measurement of the relationship，or energy, between 
nickel crystals. Crystal growth is both columnar (vertical) and laminar (horizontal) 
during electrolytic deposition. The charge on the crystal groups, as well as their size 
and shape, creates varying forces of attraction and repulsion between these groups. 
Internal stress of deposit is a description of this phenomenon in terms of the net force 
exerted. ‘ 
The total of these forces create an overall internal stress of the deposit which is either 
neutral (zero stress / flat), tensile (positive: attracted crystals attempting to contract to 
relieve stress / edges bending away from the mandrel, toward the anodes), or 
compressive (negative: repelling crystals attempting to expand to relieve stress / 
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center pushing away from the mandrel, toward the anode) (Figure 3.13a to Figure 
3.13c) [15]. 
= Anodes • : Anodes • Z Anodes > 
: Current flow J Z Current flow \ : Current flow I 
_ t' ‘ I _ 麵 V "1 • • : 
： U ； ： JJ^ I ： -O- ： 
： : j I I ： : ： 
： Glass substrate • ： Glass substrate ； ： Glass substrate ： 
: Cathodes J : Cathodes ； : Cathodes I 
J •: 
Figure 3.13a: Tensile Stress Figure 3.13b: Neutral Stress Figure 3.13c: Compressive Stress 
The graph in Figure 3.14 shows the relationship between current and time taken for 
an electroforming process to produce a stamper. 
When low current is allowed to pass through for the first 10 minutes, small nickel ion 
particles will be deposited on the metalised glass master. Thus, a sharp pits and lands 
pattern is formed on the surface of the stamper. Thereafter, when the current is 
increased, for the next 50 minutes, larger particles (300um thick) are deposited below 
the pits and lands pattern of the stamper. 
If low current is applied throughout, then the structure of nickel particles will be too 
densely deposited on the stamper. As a result, the stamper will become too hard for 
the punching process. On the other hand，if the current applied is high throughout, 
the stamper will be too soft. The channel resolution will be poor leading to over bum 
channels due to high current. Therefore, a high resolution of pits and lands micro 
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4.1 Computer-Aided Manufacturing 
Computer-Aided Design (CAD) makes use of the computer as a tool to produce scale 
layout drawing imaged on a screen. Once the MEMS CAD conversion to AutoCAD 
platform is completed, the geometric model is sent to the Computer Numerical 
Control (CNC) machining and the pattern of the geometric will be presented. The 
function of a CNC machine tool depends not only on the CNC but on the 
combination of the machine tool, servo system, CNC operator panels, etc. 
A G-code will be generated by the CNC machining process; it is a list of instructions, 
which drives the tool from one position to another. G-code indicates a preparatory 
function. Each function being identified by the address letter 'G' is followed by two 
digits. When used, it signifies a change in operation. It may direct the machine to 
change from a particular feed mode to a rapid mode; or it may direct an operation to 
take place in a clockwise or counterclockwise direction，and so on. G-code is used to 
control numerous types of operations. It should be noted that there are two types of 
G-codes: modal and non-modal. Modal G-codes are retrained in memory until 
another G-code from the same group is programmed to cancel it. A non-modal 
G-code is one that applies only to the line of information in which it appears [17]. 
4.2 CNC Machining 
CNC's accessibility and rapid prototyping capability enables various investigations 
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concerning microfluidic dynamics to be conducted faster. The CD stamper 
technology can adapt the CNC approach with the creation of micro channel stamper 
setup as shown below: 
(Step 1) (Step 2) (Step 3) (Step 4) (Step 5) 
Channel AutoGEN Generation CNC Hot Embossing 
Design • Conversion • of G-code • Machining • or 
Software Injection Molding 
Figure 4.1: Block Diagram of CNC Approach 
The micro features (Figure 4.2b) are designed using MEMS CAD software such as 
LEdit. The AutoGEN software is used to convert geometry on AutoCad platform 
(Refer to Chapter 2). AutoCAD generates G-codes to control the CNC machine to 
engrave the predefined channel patterns on the surface of the blank stamper (non data 
stamper). This stamper is produced from the stamper manufacturing process. (Figure 
4.2c) and can be used to form micro features with Hot Embossing or Injection 
Molding method on polycarbonate or PMMA substrate for microfluidic control 
applications. 
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Figure 4.2a: A L-Edit Drawing Figure 4.2b: Converted to AutoCAD Platform 
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Figure 4.2c; Patterns Engraved on Stamper Surface 
4.2.1 Experiment 
The experiment is to engrave channels on stamper with CNC machine (Model: 
DOPHEN DM-200) and evaluate the engraved channel structures to study: 
1. the relationship between the expected and measured channel depths, and 
2. the relationship between the expected and measured channel width. 
A blank stamper is created under the stamper manufacturing process. The CNC 
machine is used to engrave 9 channels of different depths and 80 uniform channel 
widths on the CD stamper. 
The WYKO Interferometer Microscope is used to measure the depth and width of the 
engraved channels and the actual measurement is plotted against the expected 
measurement as shown in Figure 4.3 and Figure 4.4. 
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Figure 4.3: Relationship between Expected and Measured Channel Depth 
Extract from Table 4.1 (See Appendix A. 1) 
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Figure 4.4: Relationship between Expected and Measured Channel Width 
Extracted from Table 4.2 (See Appendix A. 1) 
The graphs above show the following: 
1. the actual measured channel depth is not the same as the expected channel depth 
(Figure 4.3) and, 
2. the actual measured channel width shows a slight deviation (+10um, -lOum) 
from the expected channel width of 80um (Figure 4.4). 
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The variations in the actual measurement is due to the stamper that is not completely 
flat (i.e.，warp on any part of the surface) and the smoothness on the backside of the 
setup is very important which will affect the unity of the geometry. Obviously, this 
problem will be prominent when the depth of CNC is lesser. The jagged edges of the 
channel width result in measurement error by producing variations in measurements 
as taking measurements from different positions can produce different width. 
The wearing out of the machine cutter causes the channels engraved to be different 
from the expected measurement. The higher cutting speed may generate a large 
amount of heat causing deformation to the micro channels. 
(a) Channel 1 (Depth = 1 Sum) (b) Channel 2 (Depth = 1 Sum) (c) Channel 3 (Depth = Hum) 
imm^mmm 
(d) Channel 4 (Depth = 9um) (e) Channel 5 (D印th = 7um) (f) Channel 6 (Depth = Sum) 
( g ) Channel 7 (Depth = 4um) (h) Channel 8 (Depth = 3um) (i) Channel 9 (Depth = 2um) 
Figure 4.5 (a) to (i): Measured Width of Engraved Channel 
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Figure 4.5 (a) to (i) uses WYKO to view the channel structures. Since a machine 
cutter is used to engrave the channels on the stamper surface, the channels do not 
produce a sharp edge. A discontinuous channel as shown from Figure 4.5 (g) to (i) is 
engraved if the channel depth is too shallow, lesser than 5um. 
4.3 Advantages of CNC Approach 
1. Although CNC approach may not achieve satisfactory absolute tolerance when 
producing micro structures, the fabrication process is simple where designs can 
be easily changed and complex shapes easily machined. Channels with a depth 
of Sum or above can be produced with CNC Approach as opposed to Laser 
Approach which can only produce a depth of 143nm (default thickness 
specification of CD stamper). 
2. There is no material limitation, any metal, glass or plastic can be used to 
achieve uniformity of the product, leading to reduced tooling cost and less 
operator involvement is needed with computerized control resulting in high 
productivity rates. 
4.4 Limitations of CNC Approach 
1. The cutting head will determine the relationship of the channel width and depth. 
Inconsistent channel width created is caused by the wearing out of the machine 
cutter, which changes the geometry of the tool. Based on the Experiment in 
Section 4.2.1，channel depth of less than Sum created will produce 
discontinuous channel. If CNC is used to produce miniature size micro features, 
it cannot achieve precise micro dimension [17]. Since the principle is based on 
engraving, the grooves of channels crated are not sharp. 
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2. The time required and the cost of the prototype is highly dependent on the 
geometric complexity of the prototype. Fewer employees will be required as 
conventional machines are replaced by modem technology, but those that 
remain will be high-caliber technicians who are familiar with the control 
systems and programming for numerical control [28]. 
4.5 CNC and Effects of Heat Generated 
During the CNC machining process, heat is generated between the tool (cutting head) 
and the workpiece (stamper) and will cause deformation to channels created. The 
heat generated in the cutting process can be reduced as described below: 
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Figure 4.6: Force on CNC Cutting 
The cutting section of the tool bit may be divided into three zones: the friction zone 
(Zf); the deformation zone (Zd); and the work surface zone (Zw). These zones are 
shown in Figure 4.6(a). 
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The forces shown in Figure 4.6(b) are the friction force along the face of the tool (FJ-F) 
and the normal force (FrN). The resultant of these two forces Fr, is the force exerted 
by the tool on the work. The work exerts an equal but opposite force R on the tool to 
FR. This resultant force R has two components: a normal force (FN) to the shearing 
action and the shearing force (Fs). It should be pointed out that if the angle (90� - a。)， 
gets larger, the angle p�gets smaller and the forces required to cut the material gets 
greater. 
From the discussion above, it can be seen that the friction must be kept as low as 
possible to reduce the heat generated. This can be done with the use of lubricants that 
form an oily film on the surface of the stamper, thus making the shearing of metal 
easier. 
Its second effect is to remove heat generated during the cutting operation both from 
the energy converted to heat during the shearing process and from the friction 




Photolithography is a process of applying a layer of light-sensitive material 
(photoresist) on a flat substrate, illuminating it by some source using some pattern (a 
mask) thereby making the illuminated parts either soluble or insoluble and then 
removing the soluble parts [19]. 
By making use of this technology in conjunction with modification to the CD 
stamper manufacturing process, continuous channels with any pattern can be 
produced on the stamper. This is in contrast to the normal stamper manufacturing 
process of creating non-continuous (pits and lands) channels with fixed patterns i.e.， 
a stamper has a single spiral track of data, circling from the inside of the disc to the 
outside. Pits and lands represent digital information of CD technology. 
The manufacturing of micro channels on the surface of stamper is shown below 
using Photolithography Approach (Figure 5.1). 
(Step 1) (Step 2) (Step 3) (Step 4) (Step 5) (Step 6) 
Mask Substrate Substrate UV Developing Nickel 







Figure 5.1 Block Diagram of Photolithography Approach 
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The section that follows provides a detail description on the process of 
Photolithography Approach. 
Step 1: Mask Design 
A mask is designed using L-Edit MEMS CAD software. A positive mask is used with 
positive photoresist and positive developer. The mask can be designed with different 
patterns and from 20 to 120 micron. Details on the mask are shown in Appendix A.2. 
Step 2: Substrate Preparation 
Please refer to Substrate Preparation in Chapter 3, Section 3.1，Step 2. 
Step 3: Substrate Formation 
A black film is placed between coated glass plate 2 and glass plate 3 to prevent 
reflection of UV light during the exposure process (Figure 5.2). The mask is stacked 
between glass plate 1 and coated glass plate 2 (glass master). Glass plate 2 was 
obtained from Substrate Preparation in Step 2 and is essentially coated with a thin 
layer (143nm thick) of photoresist. All the layers are held together with cellophane 
tape to prevent the image pattern from being out of focus. 
UV Exposure 
I Glass Plate 1 
• • M H M • • ^ m Mask with Patterns 
Glass Plate 2 Coated with Photoresist 
Black Film 
Glass Plate 3 
Figure: 5.2 Composition and Structure of Glass Master 
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Step 4: UV Exposure 
The ultra violet (UV) light is switched to 300 watt for 15 minutes, then 200 watt for 
5 minutes，with the UV light conveyor belt being set at 20.5 feet per minute (FPM). 
The substrate is then exposed to the UV light. Patterns are formed on the positive 
photoresist where light is allowed to pass through the mask. 
With positive photoresist, wherever light strikes it，the polymer is weakened, and it 
can be more easily removed with a solvent during the development process. Positive 
resist is so-called because the image of the developed photoresist on the substrate 
looks just like the mask that was used to create it [29]. 
Step 5: Developing and Sputtering 
Please refer to Developing and Sputtering in Chapter 3, Section 3.1, Step 4. 
The only difference here is that the photoresist is developed for 10 seconds. 
Step 6: Nickel Electroforming and Step 7: Polishing and Punching 
Please refer to Chapter 3, Section 3.1，Step 5 and Step 6. 
5.1 Experiment 
This experiment is to investigate the consistency of channel widths of two stampers 
using identity condition for the stamper fabrication process. 
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10 different locations are measured on each of the two stampers to compare their 
consistency with the pre-selected mask locations at channel width 20um (Figure 5.3). 
_ ^ ^ ^ Point 1 (20um) 
—oiffs^二-) 
: • _ 攀 te— 
Im- m-f _ ]mm 
i f L ^ ^ i i 
a M w 參 龜 i P o i n t l O 
Point V —— A (20un,) 
(20um) 
Figure 5.3: Mask with Selected Test Points 
Two stampers are used to check the consistency of channel widths under Atomic 
Force Microscopy (AFM) contact mode (Table 5.1 Appendix A.3). A graph is plotted 
as shown in Figure 5.4. 
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Figure: 5.4 Comparison of Channel Width between Two Stampers 
Extracted from Table 5.1 (See Appendix A.3) 
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Curve 1 and 2 show the results of two stampers fabricated under identical condition. 
Line 3 shows the design mask width determined by the MEMS CAD package. Curve 
1 and 2 appear very similar in shape with slight variation in their channel widths. 
This could be due to the slight vibration of the conveyor belt, which affects the 
intensity of UV light exposure on the photoresist. 
Although the developing process is controlled automatically, the volume of Sodium 
Hydroxide (developing agent) in the tank is determined by air flow. A full or half 
tank of Sodium Hydroxide may cause different reactions resulting in variations of 
channel widths. 
However, when compared with line 3, there is a large variation in their channel 
widths at point 4 and 10 only (Figure 5.5), where the widths of both stampers do not 
correspond to the expected width at 20um. 
This is due to the mask being not flat enough, creating some distance variations 
between the mask and photoresist cause by the mask being out of focus during the 
exposure process. Also a defective film can result in not being able to achieve a 
required channel width. 
5.2 Channel Analysis 
Micro channels of any geometry can be created with Photolithography Approach and 
Figure 5.5a and Figure 5.5b show different sections of channels, measured with 
WYKO Interferometer. 
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Figure 5.5a shows that it is possible to achieve a very fine 'in-between' channel 
distance of lO.Sum. Figure 5.5b shows a 25um channel with circular pad of lOOum 
diameter. With suitable UV exposure and development time, the feature produce is 
observed to be well developed. 
Figure 5.5a: 10.Sum 'In-Between' Distance Figure 5.5b: 25um Wide Channels 
Figure 5.6a and Figure 5.6b show over and underexposed channels due to positive 
photoresist. During UV exposure, shorter time is taken to expose the photoresist of 
wider channels than narrower channels which takes a longer time on the same 
stamper under study. As a result, narrower channels become underexposed but wider 
channels overexposed. 
Likewise, this problem exists in the development process where wider channels are 
overdeveloped whilst narrower channels are underdeveloped. Overexposed channels 
can result in distortion. The circular pads are fused together (distorted) from the 
original as shown in Figure 5.6a. Underexposed channels will thus result in channels 
that are finer than expected (Figure 5.6b). 
50 
Figure 5.6a: Overexposed Channels Figure 5.6b: Underexposed Channels 
If the design pattern contains channel widths of various sizes that range widely, then 
during UV exposure and development process it is not possible to obtain an average 
width for any two extreme range. Therefore, UV exposure and development time will 
depend on the design pattern. If there are changes to the design pattern, the UV 
exposure and development time have to be readjusted. 
Figure 5.7a shows five channels of identical widths of 50um with circular pads 
having diameters of lOOum. By using WYKO Interferometer, it is observed that the 
channel grooves are quite consistent as shown in Figure 5.7b. 
Thus, by exercising proper timing control needed for UV exposure and development, 
consistent channels can be obtained. It is possible to create micro channels of 
different geometry, from 20um upwards and 'in-between' channel distance of about 
lOum. 
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Figure 5.7a: 50um ‘In-Between’ Channel Width Figure 5.7b: Graph of 50um Channel Width 
After using Photolithography Approach to produce stamper, the stamper is used to 
create micro features on CD using injection molding. As shown in Figure 5.8a, the 
groove of channels which is molded on polycarbonate can be viewed with an Atomic 
Force Microscope (AFM). The channel width is lOum and the depth is 143nm. 
Figure 5.8b shows the 3D view of a single micro channel. 
Figure 5.8a: Top View of Channel on CD Figure 5.8b: 3D View of Channel on CD 
As Photolithography can only create channels with thickness of 143nm, an 
improvement in creating a high aspect ratio of 70um will be done with another type 





The creation of micro channels on the surface of stamper is done using Laser 
Approach as shown below: 
(Step 1) (Step 2) (Step 3) (Step 4) (Step 5) 
Substrate Create Continuous Developing Nickel Polishing 
Preparation • Channels with Dual • and • Electro- • and 
Beam Laser Sputtering forming Punching 
Machine 
Figure 6.1: Block Diagram of Laser Approach 
A Dual Beam Laser Machine for CD manufacturing will be used in the following 
experiments to create channels. 
6.1 Dual Beam Laser Machine 
The Dual Beam Laser Machine (Model: ODME Dual Beam Recorder) consists of a 
sledge which houses and controls the laser head to move forward and backward 
(Figure 6.2). The turn table which is mounted at the other end of the laser machine 
will rotate when data is written onto the disk to form a spiral pattern circling from 
inside out. 
Computer controls the sledge to move towards the glass master and stop when it is at 
the center position above the glass master. After locating the center position, the 
sledge moves outwards, whilst the turn table starts to rotate constantly and stops 
when the sledge reaches 60cm - the outermost radius of the spiral track. All 
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processes are preprogrammed and function automatically. 
Through the RS232 serial communication, the rotation speed of the turn table and the 
forward and backward movement of the laser sledge can be controlled. The laser 
beam shutter can also be opened or closed to allow the laser beam to pass through. 
H H H H I i 
Figure 6.2: Dual Beam Laser Machine Showing the Turn Table and Sledge 
6.2 Creation of Pits and Lands 
In the stamper manufacturing process, piezoelectric of the Dual Beam Laser Machine 
controls the deflection of the laser beam based on the input media which means pits 
and lands (discontinuous) track will be created on the surface of glass master. A glass 
master is a glass disk coated with photoresist. 
6.2.1 Experiment 
This experiment is to investigate the velocity of the Dual Beam Laser Machine when 
the sledge has moved to position 10mm and onwards. A graph is plotted based on the 
time taken and the distance moved by the sledge (Figure 6.3). 
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The sledge takes about 23 seconds to complete its journey, i.e., it starts from the 
center of the turn table (home position) and move straight outwards. 
Within the first 2 seconds, the sledge begins to move slowly from 10mm to 15mm. 
On the graph, it is represented by a curve that escalates gradually upwards. Then, 
between 15mm and 50mm，the speed is fairly constant, still exhibiting an upward 
trend. After 6 seconds, the sledge is at position 50mm away from the center of the 
glass master, and continues to move outwards but at a decelerating speed and stops at 
23 seconds. 
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Figure 6.3: Velocity of Sledge (between 10mm and 60mm) 一 Forward Move 
Extracted from Table 6.1 (Appendix A.4) 
Since the sledge of Dual Beam Laser Machine does not move under constant velocity, 
an over bum of channel may occur outside the range (less than 15mm, more than 
50mm) when the laser power is too intense causing thermal stress. 
When the stress is small, it is absorbed by the elasticity of the material. However, if 
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the stress exceeds a certain level, the photoresist is heated and expanded during the 
laser channel creation process. As a result, the thermal stress resulted in non-uniform 
channel width on a single channel [20]. 
From the experiment, design channels should be kept within the range of 15mm to 
55mm to attain a constant channel width. 
6.3 Creation of Continuous Channel 
In the following experiments, the Dual Beam Laser Machine is selected to operate in 
manual mode and with a slight modification of the stamper manufacturing process to 
create continuous channels. The turn table is set to stationary mode and the shutter is 
then opened to allow laser beam to pass through and the laser sledge to move 
forward. After development, sputtering, and nickel electroforming of glass substrate, 
a continuous channel will be created on the stamper surface. Since the laser sledge 
can only provide one degree of freedom, the patterns are limited to just straight lines. 
Basically, there are two factors which affect the profile of the channel: the Laser 
On-Stone Power and the Numerical Aperture (NA). 
Numerical Aperture 
Numerical Aperture (NA) is the diameter of the round dish which controls the rate of 
laser beam passing through and ranges from 0.9min to 0.4mm, with 0.05mm 
decrement. NA is directly proportional to Laser On-Stone Power, i.e., the larger the 
NA, the higher the Laser On-Stone Power. 
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ILV 
Laser On-Stone Power is the power that is determined when the laser beam touch the 
surface of the glass master. ILV represents pre-defined value of Laser On-Stone 
Power and ranges from 1 to 150. Similarly, ILV is directly proportional to Laser 
On-Stone Power, i.e., the larger the ILV, the higher the power. 
In general, operators use the pre-defined ILV value for setting the Dual Beam Laser 
Machine. In the manufacturing of DVD and CD stampers, two different sets of ILVs 
are used. Since the Laser On-Stone Power of the laser beam will decrease due to 
aging, a preventive maintenance is done regularly to adjust the Laser On-Stone 
Power. 
6.4 Procedure of Channel Creation (NA set at a fixed constant) 
Step 1: Substrate Preparation 
Please refer to Substrate Preparation in Chapter 3, Section 3.1, Step 2. 
The only difference here is that the glass substrate which is baked at 90 degree for 
200 seconds. 
Step 2: Create Continuous Channels with Dual Beam Laser Machine 
The commands for operating the Dual Beam Laser Machine are shown in Table 6.2 
Appendix A.4. They are manually controlled by the operator and are adjusted 
depending on user definition. 
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ILV (Set 1) 
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Figure 6.4: Stamper with 16 Channels 
The NA of the Dual Beam Laser Machine is set at 0.9 as a control and different 
thickness of channels is created by varying the range of Laser On-Stone Power, when 
ILV is set from 10 to 150 (0.19mW — 1.89mW) to allow different intensity of power 
to pass through. Each ILV produces two sets of identical data on channel width as 
shown in Figure 6.4. The figure below shows a single channel created on stamper. 
_ 
Figure 6.5: Top View of a Single Channel 
Step 3: Developing and Sputtering, Step 4: Electroforming and Step 5: Polishing 
and Punching 
Please refer to Chapter 3，Section 3.1，Step 4 to Step 6. 
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6.4.1 Experiment 1 
This experiment is to establish the channel width when NA is set at 0.6 whilst 
varying Laser On-Stone Power. 
The result of Set 1 is displayed in Table 6.3 Appendix A.4. A graph is plotted in 
Figure 6.6 to show the relationship between Laser On-Stone Power and channel 
width. 
As the value of NA is held constant, laser exposure will result in wider channels 
when more intense light exposure on the surface of photoresist takes place, i.e., when 
the power is increased. 
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Figure 6.6: Relationship between Laser On-Stone Power and Channel Width 
Extracted from Table 6.3 (Appendix A.4) 
Figure 6.7a and Figure 6.7b show different views of a single channel on stamper 
viewed with an AFM. With ILV at 10 (Laser On-Stone Power at 0.19mW)，the 
channel produced is 2.56um wide and the depth is 143nm as shown in Figure 6.7b. 
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Figure 6.7a: Top View of 2.56um Wide Channel Figure 6.7b: 3D View of2.56um Wide Channel 
6.4.2 Experiment 2 
This experiment is to compare the consistency of channel width between two 
stampers under identical fabrication condition. 
The results, Set 1 and Set 2 (Table 6.3 Appendix A.4) are used to plot a graph 
showing the relationship between Laser On-Stone Power and channel width in Figure 
6.8. The channels are fabricated under the same process and identical condition. The 
results reflect that the widths of both channels are quite consistent. However, when 
the power is too high, in this case, over 1.6mW, an overexposure of photoresist will 
occur. Thus, the curve shows that the relationship between channel width and laser 
power is no longer proportional. 
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Figure 6.8: Comparison of Channel Width between Two Stampers, Varying ILV 
Extracted from Table 6.3 (Appendix A.4) 
6.4.3 Experiment 3 
This experiment is to investigate the channel width at different positions along a 
given channel for consistency (Figure 6.9). 厂、\ / 11 i i \ / ^ J § S 5 S S / j l l l l i l i l l l l 
w 
Figure 6.9: Verification of Width Consistency of a Given Channel, Varying ILV 
A Stamper is used to test the micro channel with ILV at 10 and 150. The radius on the 
given channel is compared for consistency of width. A graph is plotted as shown 
Figure 6.10. 
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Line 1 shows that at different positions on a given channel with ILV at 10，the Laser 
On-Stone Power is 0.19mW, which is not high enough to cause any thermal stress to 
develop. Therefore, channel widths are the same along the given channel. 
Curve 2, with ILV at 150, the Laser On-Stone Power is 1.89mW, which is too high, 
resulting in transient and non-uniform temperature distributions. The laser heating 
causes different zones of photoresist to expand by different amounts and thermal 
stress to develop. Therefore, channel widths are different along the given channel. 
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Figure 6.10: Relationship between Width of Position on Channel with ILV at 10 and 150 
Extracted from Table 6.4 and 6.5 respectively (Appendix A.4) 
6.5 Procedure of Channel Creation (ILV set at a fixed constant) 
Except for Step 2, the procedure of creating stamper Step 1 to Step 6 is identical with 
Section 6.1. 
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Step 2: Create Continuous Channels with Dual Beam Laser Machine 
The commands for operating the Dual Beam Laser Machine are shown in Table 6.6 
Appendix A.4. They are manually controlled by the operator and are adjusted 
depending on user definition. 
The ILV of laser machine is set at 40 as a control and the Laser On-Stone Power at 
2.5mW. Different thickness of channels is created by varying the extreme range of 
NA from 0.9mm to 0.4mm with 0.05mm decrement (Figure 6.11). 
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Micro channels-� \ 
� f� r ^ 
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Figure 6.11: Stamper with 11 Channels 
6.5.1 Experiment 1 
The experiment is to establish the channel width when laser emission power is set at 
a constant value whilst varying numerical aperture (NA) between 0.9mm to 0.4mm 
with 0.05mm decrement. 
Table 6.7 Appendix A.4 is used to plot a graph showing the relationship between NA 
and Laser On-Stone Power. 
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Dual Beam Laser Machine comprises a number of mirrors for reflection of lights. 
Light source must pass through a noise heater device, leaving only the required 
amount of power as the On-Stone power. 
Thus, as shown in Figure 6.12, NA is directly proportional to Laser On-Stone Power, 
i.e., the larger the NA, the more power will pass through. Since higher power can 
create wider channel, NA is thus also proportional to channel width. 
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Figure 6.12: Relationship between NA and Laser On-Stone Power 
Extracted from Table 6.7 (Appendix A.4) 
6.5.2 Experiment 2 
This experiment is to investigate the consistency of two sets of micro channels using 
the same fabrication process and a graph is plotted between relationship of Laser 
On-Stone Power and channel width. 
In Figure 6.13, the graph shows that by having a fixed ILV，NA is proportional to 
channel width. When NA is increased, more UV light is exposed on the glass master 
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causing the channel width to be wider. 
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Figure 6.13: Comparison of Channel Width between Two Stampers, Varying NA 
Extracted from Table 6.7 (Appendix A.4) 
Figure 6.14a and Figure 6.14b show different views of a single channel on stamper 
viewed with an AFM. The stamper is produced from the above experiment, and the 
channel selected is with NA at 0.9. In Figure 6.14b，the groove of channel is 9.41um 
wide and the depth is 143nm. 
Figure 6.14a: Top View of 9.41um Wide Channel Figure 6.14b: 3D View of 9.41um Wide Channel 
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6.5.3 Experiment 3 
This experiment is to investigate channel width at different positions along a given 
channel for consistency. A stamper is used to test the micro channel at NA of 0.9 and 
0.4 (Figure 6.15). 
/ ^ iiiii"里111 
w 
Figure 6.15: Verification of Width Consistency of a Given Channel, Varying NA 
The positions on the given channel are compared for consistency of width. A graph is 
plotted as shown in Figure 6.16. 
Curve 1 in Figure 6.16 shows that the channel width is wider for positions below 
25mm along the given channel. Since the velocity of the sledge - Dual Beam Laser 
Machine is not constant for positions below 25mm, an over bum of photoresist 
during exposure process causes that portion of the channel to be wider. 
Curve 2 shows that at positions above 45mm, channel width is uniform. Below 
45mm，the channel width is not consistent due to high laser power that over bum the 
photoresist (For velocity of Dual Beam Laser Machine, refer to Experiment in 
Section 6.2.1). 
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Figure 6.16: Relationship between Width of Position on Channel with NA at 0.4 and 0.9 
Extracted from Table 6.8 and 6.9 respectively, (Appendix A.4) 
The figures below show different views of a single channel. Based on the above 
experiments using Laser Approach, it is possible to obtain extremely sharp edged 
grooves [21] and also, narrow channels of 500nm wide. 
• 
Figure 6.17a: Top View of 500nm Wide Channel Figure 6.17b; 3D View of 500nm Wide Channel 
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Chapter 7 
Photolithography Approach (Enhancement) 
7.1 Creation of High-Aspect-Ratio Channel 
Using the process of CD manufacturing, we apply the photolithography approach to 
produce micro channels and in this experiment to test whether a higher profile of 
70um can be achieved. Previous experiment produces micro channels with depth of 
about 143nm. The need to produce micro channels with a higher aspect ratio is for 
use in another experiment in microfluidic. 
A high-aspect-ratio stamper is produced by using the processes of photolithography 
and electroforming. In the fabrication of high profile stamper, it is useful to 
understand the mechanics of hot-embossing using stamper with micro features to hot 
emboss PMMA substrate [24]. 
In this experiment, SU-8 is selected due to its ability to produce high-aspect-ratio 
channels. SU-8, a negative tone photoresist is supplied by Micro-Chem, Corporation, 
USA. It is a high contrast, epoxy based photoresist designed for micro machining and 
other microelectronic applications where a thick, chemically and thermally stable 
image is desired. Also, SU-8 is a very reliable chemical. As long as the selected UV 
light is between the range of 360nm and 400nm, the chemical will not easily cause 
overexposure even if the substrate is subject to long exposure time [25]. The process 
of creating high-aspect-ratio stamper is as shown in Figure 7.1. 
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(Step 1) (Step 2) (Step 3) (Step 4) (Step 5) (Step 6) 
Mask — • Pre- — • Spin — • Soft Bake — • UV Post 
Design treatment Coating of Exposure Expose 
of Substrate Photoresist Bake (PEB) 
^ r  
(Step 11) (Step 10) (Step 9) (Step 8) (Step 7) 
Polishing 4~ Removal 4~ Nickel 4— Rinse and 4~ Developing 
and Process Electro- Dry 
Punching forming 
Figure 7.1: Block Diagram on Creation of High-Aspect-Ratio Stamper 
Step 1: Mask Design 
Apart from using a negative photoresist, the specifications of the mask and channel 
design is the same as Photolithography Approach (Chapter 5, Step 1). 
Step 2: Pre-treatment of Substrate 
In this experiment, the stamper produced by using CD manufacturing process is the 
substrate used for creating the high-aspect-ratio micro feature. To attain maximum 
process reliability, the surface of the Nickel substrate is cleansed and degreased with 
Sodium Hydroxide, followed by Isopropyl Alcohol (IPA) solvent rinse. The substrate 
is spun at a speed of about 500 RMP/sec and held for a total of 30 second to 
dehydrate the surface. 
Step 3: Spin Coating of Photoresist 
A spinning machine (Model: DM Digital Matrix Spin Coater SC-100) in Figure 7.2a 
is used for this process. SU-8 is poured on the center of the stamper which is 
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conducted at room temperature throughout (Figure 7.2b). The stamper is spun at 
medium speed for 60 seconds to allow the resist to spread outwards to cover the 
entire surface. It is then adjusted to full speed and spun for another 20 seconds. The 
thickness of the photoresist is determined by the spin speed. The higher the spinning 
speed, the thinner is the photoresist produced. The stamper is set aside for about 10 
minutes to allow the surface of photoresist to smoothen. 
When pouring SU-8, the container is held as close as possible to the surface of the 
substrate to reduce / prevent air bubbles being formed on the surface. 
If bubbles appear (Figure 7.2c), they will be allowed to surface and after 30 minutes 
exposure to room temperature，they should disappear, failing which any sharp tools 
can be used to piece them. The areas where bubbles appear and not remove will 
result in the channels being out of shape during the PEB process due to contraction 
of the bubbles and cracking of photoresist during electroforming process. 
ft^MWKK^MW^^M 
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Figure 7.2a: Figure 7.2b: Figure 7.2c: 
Spinning Machine SU-8 Poured on Stamper Bubble on Stamper 
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Step 4: Soft Bake 
A high temperature convection oven (Figure 7.3a) is used for baking and to prevent 
the stamper from absorbing too much heat and affecting the reliability of the 
photoresist，a plastic case is used to reduce the temperature (Figure 7.3b). After 
applying photoresist on the substrate, it is soft baked to evaporate the solvent so as to 
dehydrate the photoresist. Solvent evaporation rate is influenced by the rate of heat 
transfer and ventilation. Thus, bake times for oven bake processes should be 
optimized. Lower bake temperature allows the solvent to evaporate out of the 
photoresist at a more controlled rate for better coating, and resist-to-substrate 
adhesion. The substrate is heated up to 62 degree (the oven's default temperature is 
50 degree) and baked for 5 minutes. The temperature is then adjusted upwards slowly 
to 75 degree and the substrate is baked for 30 minutes. The heater is switched off and 
the oven door opened and left ajar to allow the photoresist to cool down to about 55 
degree. Since the photoresist is still quite soft, the stamper is exposed to room 
temperature for about 10 minutes to allow the photoresist to harden. 
Temperature higher than 75 degree causes the photoresist to contract too fast 
resulting in unevenness of the surface. A lot of spots appear on the surface of the 
substrate (Figure 7.3c). During the development process, for development time that 
takes too long (7 minutes and above), the area with imprints will disappear. 
However, when the soft bake temperature is below 45 degree, the photoresist remains 




Figure 7.3a: Figure 7.3b: Figure 7.3c: 
Convection Oven Plastic Case to Reduce Heat Spots Appear on Stamper Surface 
Step 5: UV Exposure 
SU-8 photoresist is a kind of negative radiation sensitive resist sensitive to UV light 
in the range of 350nm to 400nm. It is virtually transparent and insensitive above 
400nm but has high sensitivity to light absorption below 350nm. Thus, excessive 
dose below 350nm may, therefore, result in over exposure. Thus, the area on the film 
where UV light does not pass through will be removed after the development process, 
whereas the transparent area is where the pattern is formed and captured. Figure 7.4a 
shows the frequency spectrum of HL type UV light which is widely used for silk 
screening process. The electrical characteristics of metal halide UV lamp are 230V, 
13.5A and 3000W. Figure 7.4b shows the top view of metal halide UV lamp [26]. 
The film used is positive (Refer to Appendix A.2) and the UV exposure time for the 
substrate is set for 12 minutes. If the channel width is too narrow (less than 40um), a 
longer exposure time is required so that the channel is not underdeveloped. 
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Figure 7.4a: UV Lamp Distribution Chart 
Figure 7.4b: Top View of UV Lamp Figure 7.4c: UV Exposure Machine 
Step 6: Post Expose Bake (PEB) 
Following the exposure process，a post expose bake (PEB) must be performed to 
selectively cross-link the exposed portions of the film. This bake is performed in a 
convection oven. Optimum cross-link density is obtained through careful 
adjustments of the exposure and PEB process conditions. 
The substrate is placed inside the oven (the oven's default temperature is 45 degree) 
and the temperature is adjusted upwards slowly to 65 degree and the substrate is 
baked for 10 minutes. The heater is then switched off and the oven door opened and 
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left ajar to allow the photoresist to cool down to about 45 degree for 10 minutes. 
Since the photoresist is still quite soft，the stamper is exposed to room temperature 
for about 10 minutes to allow the photoresist to harden. 
The duration for PEB is one of the most important factors affecting the creation of 
micro channels. When the photoresist bake temperature is too high (greater than 75 
degree), the photoresist is seen to crack or peel off during the development process. 
However, when the temperature is too low, the photoresist remains too soft and 
affects the conciseness of the groove of micro channel during electroforming process. 
Step 7: Developing 
The photoresist is formed by immersing the substrate in SU-8 developer (PM acetate 
organic solvent). During the development process, the area on the photoresist where 
UV light does not pass through will be removed. 
After 7 minutes, the pattern looks well developed. No white film is produced with 
Isopropyl Alcohol (IPA) solvent. 
Step 8: Rinse and Dry 
Following the development process, the substrate is rinsed briefly with Isopropyl 
Alcohol (IPA) and dried with a gentle stream of air. If a white film is produced 
during rinsing, this indicates the substrate is underdeveloped. The substrate is then 
immersed in the developer to remove the film and to complete the development 
process. 
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step 9: Nickel Electroforming 
The nickel surface is cleansed by immersing in 120g/L of Sulfamate acid to provide a 
better platability on the electroforming (Figure 7.5a) (Machine Model: DM Digital 
Matrix SA4ms) and later immersed in Nickel Sulfamate solution in a tank by 
attaching to the cathode (Figure 7.5b). The corrosion of the nickel platelet from the 
anode is deposited onto the cathode. Nickel anode becomes energized and forms 
nickel ions when current is delivered by the rectifier. Nickel ions through Nickel 
Sulfamate solution are deposited onto the cathode. A layer of nickel will be 
deposited onto the surface of the stamper where it is not covered by photoresist 
(Figure 7.5c). The electroforming process takes 97 minutes. 
Figure 7.5a: Figure 7.5b: Figure 7.5c: 
Electroforming Micro features Formed on Stamper Nickel Deposit on Stamper 
Step 10: Removal Process 
The bulk of the resist is removed from the surface of the substrate by immersing in 
SU-8 remover. A temperature of approximately 80 degree is required for the remover 
to etch away the residue of photoresist. The duration of the process is about 50 
minutes. 
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Step 11: Polishing and Punching 
Please refer to Chapter 3，Section 3.1，Step 6. 
7.1.1 Experiment 1 
The experiment is conducted to create high-aspect-ratio channels on the surface of 
stamper using SU-8. 
Figure 7.6a to Figure 7.6f is an illustration of structures formed at various stages of 
the creation of high-aspect-ratio channel process. 
Nickel Stamper 
k：, 
1. :.i,i,i,i..,r,,i;:i:i?wi!wi!viin:i;iu�wiir,m;ii;M:;:ii:iw^ (a) A nickel stamper (substrate) is used. 
( a ) Photoresist 
Z 
麵flnmi麵舰珊嘛瞻抑 (b) A layer of SU-8 photoresist is spin coated on the 
( b ) substrate surface. 
�sl/ y \l/ y V N^y^J / y M / ^ Exposure 
一 一 一 • Positive Film 
^ ^ • mmmm (c) The photoresist becomes hardened when exposed to UV 
light tlirough. thc dcsign mask 
(C) 
(d) The unwanted photoresist (which is not hardened) is 
娜 M W M M w w w B M M i w w t t 咖 r c m o v e d with a chemical _ the RG removal, whereas the 
( d ) harden area remains adhered to the surface of substrate. 
(e) The substrate is next subjected to an electroforming 
丨丨111酬顯曙哪剛酬聊一卿聊開： process where additional nickel is plated on the surface of 
( e ) substrate 
綱 ( j f ) After the removal of photoresist, the structure is left on 
( f ) the substrate. 
Figure 7.6: A Flow Process of Producing High-Aspect-Ratio Structure with SU-8 
Figure 7.7 shows a high profile stamper with thickness of 70um channels made from 
SU-8. Based on this approach，it is possible to create low cost mold easily. 
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Figure 7.7: Stamper with Thickness of 70um 
The relationship between current and time taken of the high-aspect-ratio stamper is 
shown in the graph of Figure 7.8. The timing and the current flow control of the 
electroforming process is critical to prevent damage to channels or cause channels to 
be detached during electroforming process. Electroforming requires a variable low 
voltage of 0 to 12 volt DC and a variable low current flow of 0 to 0.5A. 
When using SU-8 for this experiment, a large portion of the metalised glass master is 
covered and thus protected by the chemical apart from the channels formed which 
will not be covered. Therefore, only a small surface area (where channels are formed) 
requires electroforming, a very low current is allowed to prevent the over bum of 
channels. 
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Figure 7.8: Graph of Electroforming 
77 
If the current applied is high throughout, the channel will be over bum as shown in 
Figure 7.9. 
Figure 7.9: Channels Detached During Electroforming 
If the duration of electroforming is too long, a force will be created on the channel 
causing bending and ultimately peeling off (Figure 7.10). 
K 
^^m:漏 
Figure 7.10: Channels Over Burned During Electroforming 
Figure 7.11a shows a spiral channel and Figure 7.11b the measurement of two turns 
of the spiral profile. 
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Figure 711a: Spiral Pattern Figure 7.11b: Channels Measured with Alpha-Step Profilometer 
Using Alpha Step Surface Profilometer to view the step features of the spiral pattern 
(Figure 7.11a), a graph is produced in Figure 7.11b which shows channels formed are 
consistent in width (120um) and depth (74um). 
Figure 7.12a to Figure 7.12d shows channels of various width from 40um to lOOum 
as observed under microscope. 
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Figure 7.12: Channels Formed by Electroforming 
Therefore，from the above experiments, by using MEMS CAD software it is possible 
to design channels of any pattern and with photolithography it is possible to achieve 
channels with high-aspect-ratio. 
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Based on the above experiment，a microfluidic mixed pattern is produced as shown 
in Figure 7.13a and Figure 7.13b. The channel widths of mixed patterns are 600um 
and 400um respectively and the circular pads can serve as reservoirs to store two 
types of fluid which will be mixed together. Since the patterns are bulging, channels 
can be pressed onto the PMMA by hot embossing process, to be used in another 
research [24]. 
MM 
Figure 7.13a: Mixed Pattern, 600um Wide Channel Figure 7.13b; Mixed Pattern, 400um Wide Channel 
7.1.2 Experiment 2 
The experiment is to create detachable micro features by incorporating an additional 
step in Photolithography consisting of sputtering a thin layer of silver on the stamper. 
Figure 7.14a to Figure 7.14i is an illustration of structures formed at various stages of 





( a ) (a) A nickel stamper (substrate) is used. 
Silver Sputtering 
^ 
"TOrawwwawsrniramBrawrwwBfflwwBBraBwffliBBi (b) A thin layer of sliver is sputtered onto the surface of the 
( b ) . Photoresist substrate. 
(c) A layer of SU-8 photoresist of about 50um is spin coated 
( c ) onto the surface of the substrate. 
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(f) The substrate is next subject to an electroforming process 
( f ) where additional nickel is plated on the surface of substrate.  
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(g) After removal of photoresist，micro features are formed on 
( g ) y ... Structure the substrate. 
(h) After removal of the silver sputtered layer by Hydrogen 
..... ； ...u：.：..^- Substrate Peroxide, the micro features formed are detached from the 
( h ) substrate. 
_ . . 
(i) A spiral shaped structure is removed. 
(i) 
Figure 7.14: A Flow Process of Fabricating Micro Spring with SU-8 
The difference of this experiment from the previous one is that the micro features 
created are detachable. In order to create detachable micro features, a thin layer of 
silver is sputtered on the surface of the substrate (Figure 7.14b). To remove the silver 
sputtered layer, the substrate is immersed in Hydrogen Peroxide (Figure 7.14h) 
where the nickel micro features are detached from the silver layer which dissolves. 
The creation of micro spring from the spiral design will be used for micro power 
generator in another research. One of the factors that affect the resonance frequency 
is the design of spring and determined by the width, number of turn and ‘in-between, 
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distance. 
In the case of the micro power generator application, micro power is produced from 
vibration of external environment, causing the micro spring to vibrate. When the 
width is narrow, the resonance frequency is lower. Since low frequency external 
vibration is easily detectable, a narrower width can produce a better performance for 
the generator [27]. 
The use of laser micro machining is to enable cutting of spiral with sharp finishing, 
but this method can only achieve channels widths of 150um. In order to achieve 
dimensions of lOOum and below. Enhanced Photolithography Method is introduced. 
Figure 7.15a and Figure 7.15b show a close up view of micro spiral created as 
explained in Experiment 2. Both the top and side view is viewed under a Scanning 
Electron Microscope (SEM). The approximate dimension of the micro spiral is 
diameter: 8mm, channel width: 80um, channel depth: 50um. 
_ _ 
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Figure 7.15a: Enlarge Top View with SEM Figure 7.15b: Enlarge Side View with SEM 
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Chapter 8 
Conclusion and Future Proposal 
8.1 Conclusion 
A software was developed to allow a MEMS CAD software to successfully interface 
with the CNC machine. The software is used basically to convert MEMS CAD 
geometry to appropriate command for controlling the CNC machine. 
A modification of the industrial stamper manufacturing process to create continuous 
channels with three approaches - CNC, Photolithography and Laser was conducted. 
An analysis of the channel characteristics on the width and groove based on the 
different approaches was done. The mold (stamper) can be used to create 
microfluidic channels on PMMA by using hot embossing and injection molding 
metho^by other researchers. 
Using the CNC Approach, experiments were conducted to study the relationship 
between the expected and measured channel depths, and to analyze the consistency 
of channel width. Although this approach is simple, it is accurate in the macro stage, 
but not as precise in the micro stage. The principle is based on 'engraving' on the 
surface of stamper which produces channels that are jagged. A discontinuous channel 
is created if the depth is less than 5um, and cannot make a smooth turn. 
Using the Photolithography Approach, an experiment was conducted to investigate 
the consistency of the channel widths. It is flexible in its approach in producing 
different geometry. This approach is reliable as the experiments showed consistency 
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in the results. Although the minimum channel width can only reached lOum, it is 
sufficient for current requirements. 
Using the Laser Approach, experiments were conducted to study the relationship and 
consistency of channel width and numerical aperture. Experiments were also 
conducted to study the relationship and consistency of channel width and Laser 
On-Stone Power. An analysis was carried out to study the sledge velocity of the Dual 
Beam Laser Machine to establish the optimal range for creating uniform channels. 
This approach could achieve a very narrow and precise channel width of 500nm and 
also the results of the experiments showed consistency. However, due to restriction 
of the Dual Beam Laser Machine in its design, it can only perform forward and 
backward movement in producing straight line channels and not other geometries. 
Based on the findings of the three approaches, it was decided that Photolithography 
is selected for further analysis. An enhancement on the Photolithography Approach 
was decided due to the limitation of the stamper manufacturing process in producing 
channel depth of 143nm，which is the default. In order to increase the channel depth， 
a photoresist, SU-8 was introduced and tests were carried out to determine its 
feasibility. The results showed that with this enhancement a channel depth of 70um 
could be achieved. Thus, a wider range of channel depth can be created for molds in 
another research project in our group. 
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Approach Advantage Disadvantage Feature 
CNC - MEMS CAD output is - Produce jagged edges - Any pre-define 
directly exported to channels geometry 
CNC machine, thus - Channels produced are determined by 
eliminates film making. discontinuous if the MEMS CAD 
- C r e a t e any geometries depth is less than Sum. design. 
- Channel aspect 
ratio determined 
by the diamond 
head of CNC 
machine. 
Laser - Capable of producing - Can only produce - Restricted to 
channels with narrower straight line channels straight line 
width of 500nm. channels with 
channel depth of 
143nm which is 
the thickness of 
photoresist. 
Photo- - Create any geometries - Unable to achieve - Any pre-define 
lithography - Can produce channel channel width of less geometry with 
width up to 1 Oum than 1 Oum as the film's channel depth of 
chemical properties 143nm which is 
affect creation of fine the thickness of 
channels. photoresist. 
- Accurate timing control 
of UV exposure and 
developing is required. 
Enhancement: - Timing control for UV - Can only produce - Any pre-define 
Photo- exposure and channel width of 40um geometry with 
lithography development is not a and above. channel depth of 
(SU8) critical factor as SU8 is 40um to 200um 
a negative tone which is 
photoresist. determined by 
- Can create channel the speed of spin 
depth of greater than coating machine. 
70um which is a better 
aspect ratio. 
Table 8.1: Comparison of all approaches 
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8.2 Future Proposal 
Future work exists for improving the Laser Approach by allowing any pre-defined 
geometry using MEMS CAD to create channels of varying width on the surface of 
the glass master (glass disc coated with photoresist) to form a stamper as shown in 
the diagram below. 
^ Q-switch 
MEMS Conversion Programmable Control Creation of 
CAD Software Logic Channels on 
(Geometry • (Customised) • Controller Glass Master 
Design (PLC) ——• 'XYZ' ——• 
Software) Actuator 
\ ‘ 
Stamper Polishing and Nickel Developing 
Formed 4 Punching < Electro- 4 and Sputtering 
forming 
Figure 8.1: Block Diagram of Proposed Modification to Laser Approach 
Although Laser Approach can produce narrow width of 500nm and sharp edge 
groove, it is limited in its operational capabilities of forward and backward 
movement, and each channel produced is restricted to a uniform width. Thus, there is 
scope for further development in this area. 
However, if an 'X-Y' actuator connected to a Programmable Logic Controller (PLC) 
is installed below the laser sledge (Figure 8.2), then any pattern can be created on the 
glass master by controlling the movement of the 'X' and 'Y' actuator. This is one of 
the additional step included in the Laser Approach as shown in Figure 8.1 above. 
86 
If another axis 'Z' is introduced, to be situated below ‘X-Y，，then the distance 
between glass master and laser head can be varied. Thus，the laser spot size can be 
changed, allowing different dimensions on a channel width. 
An additional Electric-Optical Crystal (Q-switch) situated above the laser head when 
used can control deflection of laser beam. This will enable the creation of different 
individual non-link patterns by omitting unwanted channels between geometry. 
Figure 8.2: ‘X-Y，Actuator 
It is suggested that a software should be developed to control the functionality of the 
PLC through an interfacing software. This will initially require a conversion software 
using AutoGEN to convert MEMS CAD to communicate with PLC. Another module 
needs to be developed to control the Electric-Optical Crystal which in turn controls 
the deflection of the laser beam. 
This will eventually allow a fully automatic and flexible capability of creating 
channels by the Dual Beam Laser Machine. Figure 8.3 shows the concept of a 
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computerized controlled actuator for integrating with the Dual Beam Laser Machine. 
MEMS CAD Conversion Programmable ； 
(Geometry Software Logic | 
Design ~ • (Customised) ~ • Controller ！ 
Software) (PLC) 
Figure 8.3: Proposed Integration of Dual Beam Laser Machine 
One of the factors to consider when implementing this method is the speed of 
actuator which can affect the accuracy of channel dimensions. 
When the speed is too fast, channels produced cannot be precise with micro / nano 
scale dimensions. Conversely, if the speed is too slow, allowing UV light to be 
exposed longer on the photoresist, precise dimension can be achieved but could 
result in over bum of photoresist. Also, with channels that encounter a turning point, 
the speed must be uniform in order to produce channels with uniform width. 
This problem must be considered when developing software to control operation of 
the actuator. 
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APPENDIX A.1 Additional Information on CNC Approach 
No. of Measured Channel Expected Channel Measured Channel 
Channel Width (um) Depth (um) Depth (um) 
1 % 15 
2 64.7 13 3.42 
3 ~ 44.7 — 11 一 2.13 
4 — 41.8 — 9 1.08 
~ 5 37.1 “ 7 1.2 
- 6 32.3 5 1.22 
“ 7 ~ ~ 26.6 一 4 1.18 
8 20.9 — 3 0.97 ~ 
9 16.2 I 2 I 0.7 ~ ,, 
Table 4.1: Measurement of Channel Depth 
No. of Expected Measured No. of Expected Measured 
Channel Channel Channel Channel Channel Channel  
Width (um) Width (um) Width (um) Width (um) 
1 ^ 80.6 21 80 83.1 
2 80 83.9 — 22 80 — 83.1 
3 80 90.4 23 80 80.6 
4 ~ 80 70 24 80 77.4 
5 80 83.1 25 80 84.7 
6 — 80 90.4 26 80 79.8 — 
7 80 85.5 27 80 77.4 
8 80 87.1 28 80 79 — 
9 80 96.1 29 80 74.9 一 
10 80 83.9 30 80 79 
11 _ 80 90.4 31 80 58.6 — 
12 80 91.2 32 80 54.6 
13 80 88.8 33 80 79.8 
14 80 87.1 34 80 79 
15 80 85.5 35 80 79.2 
16 80 84.7 36 80 78.2 一 
17 80 92 37 80 87.1 
18 80 — 86.3 38 80 88.8 
19 80 85.5 39 80 83.9 
20 80 90.4 40 80 91.2 — 
Table 4.2: Measurement of Channel Width 
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APPENDIX A. 2 Channel Dimension of Design Mask 
I: 
J 態 _ I l i i 塵 
^ M M M M ^ 
豪 M l j M i i i 
Blockll w q ^ ^ ^ S I Z Z： WockR 
攀 芒 三 , ， 
S i t f t i i ^ f e y ^ i y 觀 纖 _ Block A 
a Z , (1) Channel width of 1 OOum. 
, ,Z ^ A A A (2) Channel width of 120um. 
/ n V vV 
mm / (lUjljl 
_ , n n l r 2 
Block B 
^ z Z Z - 二 (1) to (6) Spiral channels, width of 20 to 120um, 
I 2 麵 5 
_ ^ 
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APPENDIX A.2 .. .continue 
^^ ^^ BBjP^ ^^ BBBHBBpB 8| 15 lock C 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ (1) 10 straight line channels, from left to right, 
m P ； � channel width of 20 to 200um, incrementing by 
• I 1 I 1 \\< 20um. 
M ； 4 , U l � � 10 straight dash line channels, from top to 
^ S ^ S S S ^ i勿屬劣 bottom, channel width of 20 to 200um, 
S § § § § § § ^ incrementing by 20um. ， 
圓I丨數 f 3 M ^ m j W (3)10 straight line channels, from top to bottom, 
； 与 ' ' ' W W t channel width of 20 to 200um, incrementing by 
M ^ y ^ y ^ \ From top to bottom, channel width of 20 to 
_ 4 ^V " V k \ 200um, incrementing by 20um. w 
Block E 
n d Z/W" A ft (1) Channel width of 20um. 
I Q ii\i\ ' i . 1 (2) Channel width of 40um. 
I I ylijily 
I » ： _ 
Block F 
n z (1) Channel width of HOurn. 
n J l y ft A , (2) Channel width ofl60um. 
i 
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APPENDIX A.2 • • .continue 
Block G 
>0 jg 
B \ I “——-I (1) 10 straight line channels, from top to bottom, 
\ \ ： —i - channel width of 20 to 200um, incrementing by 
\ \ ； 20um. 
\ —> (2) 10 straight dash line channels, from top to 
輪 1 zz： 2 bottom, channel width of 20 to 200um, 
I K ‘ ； ： incrementing by 20um. 
Block H 
. i . „ (1) 10 cross-shape channels, from top to bottom, 
y ； j ^ ..1] J left to right, channel width of 20 to 200um, 
:JZ- JL- J i j incrementing by 20um. 
f • (2) 9 '2-in 2-out’ channels, from top to bottom. 
^ *gi： 2 left to right, channel width of 20 to 200um, 
gl： "gl： *gl：'j incrementing by 20um. 
^mmmmmm^^mmmm 
Block I 
L < (1) Channel width of 60um. 
J \ l \ l \ l \ l \ (2) Channel width of 80um. 
i m i l 1 
M M , -
————: 
Block J 
(1) Channel width of 180um. 
Jlfijijih (2) Channel width of 200um. 
mmmmmmmmMw^mmm： 
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BF ‘rjSiJi^TiBjSjiiiiPiiiiimiPiimiiiPiiiiHiPiisTO 
Block K 
Concentric channel with varying width. 
M _ 
Block L 
丨 (1) 9 ‘2-in 2-out’ channels, from top to bottom, 
H i ' * r-'* • left to right, channel width of 20 to 180um, 
H r ^ i r ^ F ^ I 1 incrementing by 20um. 
• F；?- ？q： 
• • 1 � ( 2 ) 9 ‘2-in 2-out, channels, from top to bottom, 
‘ 2 left to right, channel width of 20 to 180um, 
, ^ incrementing by 20um. 
•EaBBHBBBOBiHIHIimilllHipilimHmMilMIKiittljQ 
i d ^ b p r i i k y g y i i W i i ^ Block M 
^ (1)10 straight line channels, from top to bottom, 
j o channel width of 20 to 200um, incrementing by 
_ 20um. 
關 ^ 1 (2) 3 straight line channels of the same width 
ffl 1 (200um). 
If n i l I I (3) 10 straight line channels, from left to right, 
X^SSX H i ! I I channel width of 20 to llOum, incrementing by 
lOum. 
Block N 
~ p r p ~ p ： (1) to (5) Channel width of 20 to lOOum, 
\ * 1 . 」 1 incrementing by 20um. 
\ n n n n 2 
\ � = ] 3 
LJ UJ LJ 
nAfiP4 
mM \ \ 
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APPENDIX A.2 • • .continue 
ipiSBB9HDB8SBEmilllHmmHmiBnmiHHnGME4jt{i( 
it： Nr. I... VJ ；Ip^ H^  • "^ {jrl'ijH 
• ^.^yc's . � • . M i\PG iDi^^u r\ , ——，—飞 ！ ； v-kiii'.] i-| I . - ~ olOCK U fwy iJ • • 4 ' L 
W ‘ h : : : i f j (1) Channel width of 200um. 
M 1 : . ： 歸 . 細 胡 (2) to (5) Spiral channels width of 140 to 
？!3 ^ " 200um, incrementing by 20um. 
圖 書 . 
| \ j 動 s  
释 P 稱 W M t e , 糖 等 u t e 纖 飘 牛 B l o c k P 
10 '2-in 1-out，channels, from top to bottom, 
— ‘ channel width of 20 to 200um, incrementing by  
20um. 
L M - 一 
Block Q 
* 7 10 '2-in 1-out’ channels, from top to bottom, 
I ‘ / channel width of 20 to 200um, incrementing by 
: : / 20um. 
» ‘ / 
I : 
Block R 
i d (1)10 straight line channels, from top to bottom, 
編 55555Z55Z5Z5S5SZ555S5 ^ channel width of 20 to 200um, incrementing by 
國 I — 20um. 
R j I f 办 (2) 10 straight line channels, from left to right, 
懸 g f f / • channel width of 20 to llOum, incrementing by 
I I ^ 一 
M I / (3) 3 straight line channels of the same width 
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APPENDIX A.3 Additional Information on Photolithography Approach 
Point Stamper 1 Stamper 2 
Channel Width (um) Channel Width (um) 
1 l ^ i 2 0 ^ 
2 21.70 — 19.97 
3 22.58 ‘ 21.22 
4 34.75 33.65 
5 22.01 — 21.38 
6 18.87 ~ ~ 19.66 
7 22.64 21.85 
8 23.74 21.85 
9 21.87 21.70 
—10 9.12 11.63 
Table 5.1: Measurement of Channel Width of Two Stampers 
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APPENDIX A.3 Additional Information on Photolithography Approach 
Time (sec) Distance (mm) Time (sec) noistance (mm) Time (sec) Distance (mm) 
0.5 8 57J1 ^ 59.96 
1 10.00 — 8.5 —  58.24 — 16 — 59.97 
1.5 11.15 9 — 58.66 — 16.5 59.98 
2 14.10 — 9.5 — 59.02 ~ 17 59.98 
2.5 1 ^ 2 10 59.26 - 17.5 59.99 
3 23.13 — 10.5 — 59.43 ~ 18 59.99 
3.5 27.67 _ 11 ~ ~ 59.56 _ 18.5 59.99 
4 32.20 11.5 59.67 19 “ 59.99 
4.5 43.17 - 12 — 59.76 — 19.5 59.99 
5 47.23 ~ 12.5 ~ 59.81 — 20 59.99 
5.5 50.37 — 13 ~ ~ 59.85 “ 20.5 59.99 ~ ~ 
6 13.5 59.59 21 ~ 60.00 
6.5 14 59.92 — 21.5 60.00 
7 55.96 14.5 59.94 22 “ 60.00 
7.5 57.00 15 59.95 22.5 60.00 
Table 6.1: Time Taken and Distance Moved (Forward) by Sledge 
Command Description  
ILV, 40.0 ILV range from 1 to ISO. ILV was set at 40 (0.54mW)  
NA1,01 Numerical Aperture was set at 1 
RA,010000 Sledge move to starting point in X-direction with radius at 1 OOOOum 
SHO Shutter open  
FON Auto focus “ON"  
FOS, -0.20 — Focus offset 
RA,0800000 Sledge move to a certain X direction with radius at SOOOOum — 
FOF Focus offset  
“ SCL Shutter close 
SLO Sledge move to the end position  
Table 6.2: Serial Transmission Commands 
ILV Laser On-stone Set 1 Set 2 
with Power (mw) Channel Channel 
NA at 0.6 with NA at 0.6 Width (um) Width (um) 
150 1.89 ~ ~ 11.86 11.02 
130 —— 1.62 “ 10.61 — 10.54 — 
110 1.39 “ 10.16 10.21 一 
90 1.25 — 9.16 — 9.21 
70 — 0.89 “ 7.16 — 7.27 — 
50 — 0.69 ~ 5.74 — 5.71 — 
30 — 0.39 - 4.16 — 4.16 — 
— 1 0 0.19 2.56 2.59 — 
Table 6.3: Measurement of ILV, Laser On-Stone Power, Channel Width of Two Stampers - NA at 0.6 
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APPENDIX A.2 • • .continue 
Radius (mm) Laser On-stone Channel~~ 
with ILV at 10 Power (mW) Width (um) 
^ 2.36 
25 0.19 — 2.36 
30 0.19 2.36 
^ 0.19 2.36 
50 0.19 2.36 
60 0.19 2.36 一 
Table 6.4: Measurement of Radius, Laser On-Stone Power and Channel Width -ILV at 10 
Radius (mm) with Laser On-stone C h a n n e l ~ 
ILV at ISO Power (mW) Width (um) 
20 11.79 
25 1.89 10.53 
30 1.89 10.69 
40 1.89 10.69 
^ 1.89 11.01 
60 1.89 11.79 
Table 6.5; Measurement of Radius, Laser On-Stone Power and Channel Width - ILV at 150 
Command Description  
ILV’ 40.0 ILV range from 1 to 150. ILV was set at 40 
NA2’01 Numerical Aperture was set at 2 
RA^O 10000 Sledge move to starting point in X-direction with radius at lOOOOum 
SHO Shutter open  
FQN Auto focus "ON"  
FOS, -0.20 Focus offset 一 
RA,0800000 Sledge move to a certain X direction with radius at SOOOOum — 
FOF Focus offset  
SCL Shutter close  
SLO Sledge move to the end position  
Table 6.6: Serial Transmission Commands 
Numerical Laser On-stone C h a n n e l ~ 
Aperture Power (mw) with Width 
(mm) ILV at 40 (um) 
0.9 2.817 9.41 
0.85 2.601 9.045 
0.8 2.388 8.89 
0.75 2.178 8.48 
0.7 1.970 8.14 
0 . 6 5 — 1.747 7.795 
0-6 1.563 7.105 
0.55 1.334 6.91 
0-5 1.129 6.445 
0.45 0.942 6.06 
0.4 0.750 5.74 
Table 6.7: Measurement ofNA, Laser On-Stone Power, Channel Width of Two Stampers - ILV at 40 
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Radius Laser On-stone Power Channel Width 
(mm) (mW) with NA at 0.4 (um) 
15 0.750 7.36 
20 0.750 —— 7.05 
25 “ 0.750 — 6.73 
30 0.750 — 6.59 
35 0.750 — 6.42 
40 0.750 — 6.42 
45 “ 0.750 6.42 — 
50 “ 0.750 6.42 
55 一 0.750 6.42 
60 0.750 6.42 — 
Table 6.8 : Measurement of Radius, Laser On-Stone Power and Channel Width — NAat 0.4 
Radius Laser On-stone Power Channel Width 
(mm) (mW) with NA at 0.9 (um) 
15 2.817 10.18 
20 “ 2.817 9.39 
25 “ 2.817 — 8.92 
30 一 2.817 8.46 
35 “ 2.817 — 8.11 
40 “ 2.817 — 8.11 
45 “ 2.817 7.98 — 
50 “ 2.817 7.98 
55 “ 2.817 ~ 7.98 
60 2.817 7.98 — 
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